ease has been a widespread nuclear medicine procedure for 20 years. During this time, numerous reports of the diagnostic worth of this test have been published (1â€"38), with reported sensitivity values ranging from 60 to 98%, and specificity values from 64 to 99%. Although many series have consisted of a small number of patients, and consequently may have large uncertainties, several ne ports dealing with hundreds of patients each have been in substantial disagreement. In medical imaging, the concept of sensitivity and specificity as measures of performance was introduced in 1947 by Yerushalmy (39). These measures were de fined respectively as the probability of detecting a spe cific disease entity in a patient who has the disease, and the probability of ruling out the disease in a patient who does not have it. The important insight in this paradigm of performance is that there are two separate classes of patientsin whichthe probabilityof correctdiagnosisand the consequences of error are markedly different. ReceivedDec.2, 1977;revisionacceptedSept.9, 1980. It is widely recognized that the sensitivity and speci ficity of liver scintigraphy depend on the specific diag nostic criteria used (40). A model that explicitly takes this into account in assessing diagnostic performance is the receiver operating characteristic (ROC) model (41â€"45).An ROC curve is the relationship between sensitivity and specificity for various degrees of bias on the pant of the observer, with bias being carefully defined as the preference on the part of the observer to err in one class of patients rather than the otherâ€"or, more con rectly, to balance the errors in the two classes of patients in a way that seems best to the observer. This tendency of the observer to seek the least harmful mix of errors in his patient population may confound the attempt to measure sensitivity and specificity by changing their ratio to correspond to the particular circumstances of the testing situation. Even so, the value of sensitivity and specificity will still lie on the ROC curve.
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For the mathematically simplest case, an ROC curve plotted in normal probability coordinates is a straight line. This case corresponds to a decision made on the basis of measurements of a normally distributed decision variable whose mean value depends on the population from which the measurement was made. In a clinical imaging context, no such variable exists. It has been describe the relationship between the sensitivity and specificity exhibited by a single observer who is pen suaded to alter his on her decision criteria. In the absence of a readily identifiable decision variable that obeys the normal distribution law, fitting performance data to normal ROC curves may still prove useful. As an ap proximate model of the diagnostic process, a fitted ROC curve may provide estimates of performance that take into account the relation between sensitivity and speci ficity. In particular, it may provide a vehicle for resolving the apparent interobserver conflicts about the perfor mance of liven scintignaphy.
In this study we have undertaken to evaluate the fit of published observer performance data for routine clinical scintignaphy to an ROC curve. From the ob served data a single ROC curve was constructed, and goodness of fit was measured with the x2 statistic. By way ofcomparison, the average sensitivity and specificity for all patient populations represented in all the clinical studies was computed, and x2 was computed for this model of performance as well. The values of the x2 sta tistics were used for two purposes: to determine which of thetwomodelsfits thedatabetter,andto determine whether either model is consistent with the hypothesis that no other sources of interobserver variation were important.
METHODS
Diagnostic models. A total of 7025 scintigraphic studies, 4008 normal and 3017 abnormal, were included in the master data base. All reports from which they were drawn deal with clinical reporting by experienced ob servers. These sources differed with respect to radio pharmaceutical, imaging equipment, diagnostic cate gonies, and criteria for establishing â€oediagnostic truth.â€• For the data to conform to the ROC model, it was nec essany to reduce each source to a two-category decision problem and determine values for the probability of true-positive and false-positive results, a procedure equivalent to calculating sensitivity and specificity. From the master data base, four data subsets were For each subset, average sensitivity and specificity were computed by summing the correct diagnoses over all studies for patients with and without the disease in question, respectively, and dividing these sums by the total number of patients in those catego ries.
ROC curves were fitted to the data in each subset using the procedure defined by Ogilvie and Creelman (46). This procedure is a Newton-Raphson gradient descent technique, which starts with an initial estimate of the two parameters needed to define an ROC curve and the estimated sensitivity and specificity for each observer. The algorithm then progressively refines the estimates until a minimum occurs in the mean squared difference between observed and predicted sensitivity and specificity. Each observed value of sensitivity and specificity is weighted by the number of patients used to compute it. For computational simplicity, the algorithm 122 et al. (48) for fitting 2 X 2 decision tables. The pnoba bility of achieving a x2 value equal to ongreater than the calculated value was computed using the number of degrees of freedom appropriate to each model. This probability was used to decide which model fitted the performance data better. In addition to the above, the x2 statistics were also used in a formal test of the following two hypotheses: (a) that the variance in observed sensitivity and specificity was entirely due to the small numbers of patients in the published series; and (b) that the effects of bias removed by use of the ROC model were the only systematic sourcesof interobservervariationin observedsensitivity and specificity. Under each of these null hypotheses, the FIGS4. ROCcurve for all studies(detectionof focal or dIffuse lIver dIsease).
FIG.1. ROCcurve from Ogilvie-Creelman algorithmfor all studies
(detection of metastatlc disease).
uses the logistic rather than the normal distribution, which results in ROC curves that are not linear in normal probability coordinates. This difference is important only
for extreme values of sensitivity or specificity (47). It has the advantage that the logistic distribution provides an analytical expression for the estimated sensitivity and specificity. Linear regression analysis was performed on the performance data in normal probability coordinates to provide initial values for slope and intercept of the ROC curve.
To evaluate goodness of fit, x2 test statistics were constructed using the predicted values appropriate to the two diagnostic performance models. Chi-squane values were calculated using the procedure described by Bishop x2statistic, computed using expected sensitivity and specificity predicted by the respective models, should not exceed the 95% confidence limits of the x@distribution with appropriate numbers of degrees of freedom. If x2 did exceed these fiducial limits, the hypotheses were rejected.
RESULTS
Logistic ROC curves for the four subsets of the data base are illustrated in Figs. 1â€"4,plotted in normal probability coordinates. Estimated values of sensitivity and specificity for each study using both models are given in Table 2 . Chi-square values, the number of degrees of freedom for each model, and the probability of equaling or exceeding the computed value of x2@are shown in Table 3 . In every case the ROC estimates fit the pub lished performance data better than the average values of sensitivity and specificity. In one very important subsetâ€"the data from Tc-99m sulfur colloid studies the X2value was not statistically significant at the 95% confidence level.Thus for Tc-SC liver scintigraphy it was not possible to reject the hypothesis that, for 17 mdc pendent studies, the performance data were consistent with performance estimates generated by a single ROC curve.
DISCUSSION
The analysis of data performed in this study was de This result does not necessarily mean that no impon tant interobserver differences exist; it merely means that they are too small to be detected with the patient sample sizes reported in the literature. Figure 5 is a histogram of studies with different population sizes for subset A. Of 37 studies, nearly one third had fewer than 100 pa tients in both categories on which to base performance estimates. If the probability of error is viewed as fixed within a population for a given observer with constant reportedâ€"wouldreduce the range of the 95% confidence interval to between 87 and 93%. From a slightly different point of view, to demonstrate, with 95% confidence, the difference between 85 and 90% sensitivity for two dif ferent procedures would require a sample of 700 con firmed abnormal patients. The same discrimination in specificity would require an additional 700 confirmed normal patients. In light of these enormous requirements, is any signed to assess the goodness of fit of the observed per formance measures to two conceptual models of the di suitable for predicting probability of detection of disease but inadequate in their simplest forms for evaluating differential diagnostic data.
As may be seen from Table 3 , the probability of the observed X2 value is larger in every case for the ROC model than for the average-performance model. This implies that the ROC model fits the observed data better than the average-performance model, even when the smaller number of degrees of freedom in the ROC model is taken into account. Thus, the ROC curve explains in part the variations in published performance values. For subset A, which mixed studies done with different ra diopharmaceuticals, the hypothesis that there is no im portant interobserver variation and that position on the ROC curve (i.e., bias) is the only systematic source of variation was (as one might expect) rejected with 99%
confidence. However, for subset B, consisting exclusively of Au-l98 colloid scans, the ROC hypothesis is rejected only at the 95% confidence level, while for subset C, 192:395-400, 1972 2. SETHI0, MARTINNL, TEMPLETON AW, etal:Correlation of anterior liver scans and exploratory surgery with autopsy. :l20â€"123, 127,1971 3. HAYNIE TP, JHINGRAN5G. ILTER RG, et meaningful assessment of small performance increments possible? The use of multiple independent studies using the same diagnostic techniques and criteria to formulate an ROC curve may provide a more meaningful stanthnd of average performance, against which individual im provements may be compared, than widely disparate point estimates of sensitivity and specificity. Construc tion of 95% confidence neighborhoods around points on an ROC plot will determine whether the curve intersects the confidence neighborhood. Figure 6 illustrates this technique, as used to compare a study performed with Tc-99m Sn colloid. As may be seen from the associated 95% confidence interval, there is less than a 5% chance that this point could come from the fitted ROC curve.
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Two additional points in the data set would fit an ROC curve parallel to the fitted curve and through the new point. One of these has an error neighborhood that does not intersect the ROC curve (p < 0.05); the other has wide variations compatible with either curve. It may then be inferred that this new study and one of the original studies may represent a method ofliver scintigraphy with detectability superior to that reported in other studies.
Only the accumulation of a great mass ofdata will allow a conclusion to be drawn about whether the performance gain is neal or illusory. Performance data on livenscintigraphic studies were fitted to an ROC curve to determine how much of the disparity in estimates of diagnostic performance was attributable to bias. For Tc-SC studies, the data did not differ significantly from the ROC curve. Thus the ROC curve generated by this procedure is a meaningful Volume 22, Number 2
